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FOREWORD

This report was prepared at Southwest Research Institute under
USN Contract NOw-65-0224-f. The work was administered by the Bureau
of Naval Weapons, Department of the Navy, Washington, D.G. 20360,
with Mr. 5.M. Collegeman serving as project snginéer.

This report covers work performed in the pericd from November 15,
1965, through February 15, 1966,

Acknowledgment is given for comments and suggestions made by
Messrs. S.M. Collegeman and C.C. Singleterry of the Bureau of Naval
Weapons and Mr. M.J. Devine of the Aeronautical Materials Laboratory,
Naval Air Engineering Center. The grease samples studied in this program
were provided by Mr. Devine.
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ABSTRACT

This report reviews the third quarter of the third year of a
research program on the mitigation of spline wear by means of lubrication.

During this quarter, experiments have included investigations of the
efiect of hydrocarbon antioxidants on the spline wear observed when operal-
ing submerged in mineral oil. The results indicate that certain hydrocarbon
antioxidants provide periods of negligible wear which otherwise do not
occur in air-saturated mineral oil.

The obscrved antioxidant effect and previously reported influences
of environment compeosition are tentatively interpreted in terms of postu-
lated wear miechanisms.
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The variables studied as part of this program included spline material
spline environment, spline tooth coniact pressure. and misalignment
osciliation amplitude. Periormance data were obtained for ten greases,
three bonded sclid-film lubricants; and a vapor-deposited molybdenum
metal coating, using dry air, moist air, JP-5, and JP-6 as spline environ-
ment fluids. The cumulative results irom the first two vears of this pro-
gram were presented in Summary Technical Repori, Contract NOw-564-
§341-d, SwRI Report No. R5-456, May 13, 1965.

During the present yvear of this program,. the emphasis is shifted
toward z Ycause and eiffect” investigation with the objective being to inter-
pret the "how and why™ of spline wear and its mitigation. This research
effort utilizes the experimental apparatus and specimens developed in the
previous portions of the program,. with the range of operaling conditions
being about the same as previously employed. In addition to the study of
mechanisms, the program includes a limited number of lubricant evalu-
ations to confirm the relative performance of selected lubricants of
interest.

In Quarterly Progress Report No. 2, November 15, 1965, the
progress achieved during the second Quarter of the current contract was
reviewed. It is the purpose of the present report to review the resulis
obiained during the third quarier of this research program. The experi-

menial apparatus and operating procedures employed during this period
are the same zs those described in previous reports.
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I, EXPERIMENTAIL PROGRAM

With the exception of a Grease (Q evaluation experiment, using
Type 2 {AISI 4130 steel, first batch) specimens, the experimental effort
during this report period has been dévoted entirely to & study of wear
characteristics of %}fpe Z2A {AJISI 4130 steel, second batch)} Specimens
submerged in mineéral oil, both with and without additives. These materials
and others referred to in this report are described in the following para-
graphs:

Grease A

This MIL-G-7711A Type grease consists of 2 smooth homogeneous
mixtufe of mineral or synthetic oil or combinations thereoi, with
a suitablz gelling agent. It is a general purpose aircraft grease
intended for use in antifriction bearings, gear boxes, and plain
bearings where operation at both low temperature {-40°F} and high
temperature {250 °F) may be required.

Greases E, P, and Q

These greases consist of mineral oil with treated clay thickener
and MoS5;. They are produced by three different manufacturers.

Mineral Oil

This oil contains no additives. Its viscosity is 300-310 SUS at
100°F. It is a light-medium grade noncompounded midcontinent
base stock.

Zinc Diamvyldithiocarbamate

This additive is compounded as 2 50 wt % blend in mineral oil. It
is considered as zn oxidation inhibitor, metal deactivator, and
corrosion inhibitor for lubricating oils and greases,

Phenvl a Naphthviami~a

This aromatic amine additive is known {c function as an antioxidant
for lubricating oils and greases. It is frequently used in both soap
and nonsoap greases. The melting point of the commercial addi-
tive is 133°F.
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The result of the Grease (Q evaluation is presented in Table |
along with previously obtained data for Greases E and P. These results
indicate that Type 2 specimens display equivalent wear characteristics
whether lubricated with Greases E, P, or Q.

Experiments with the spline specimens submerged in oil are made
using the same procedures 2s are used with other environment fluids. The
only temporary apparatus modification involved is the removal of the pre-
heafer coil and the sealing of the overflow outlet. Prior to each experimsnt.
2 fixed quantity {about 25 m1l) of fresh oil is introduced through a fitting in
the base of the specimen retainer housing. This quantity of oil has been
selected so that the liguid level is about one centimeter above the upper
surface of the outer specimen. The oil inlet fitting is sealed, and the
experiment is then conducted without the introduction of additional oil.

Because of the extreme gas-phase turbulence in the vicinity of the
oscillating specimen shank and gyrator shaft, the atmosphere above the oil

surface within the specimen retainer housing is continuocusly replenished with

atmospheric air evén though the heated enclosure surrounding the specimen
retainer housing is purged with nitrogen at a low rate as a fire-safety
measure. This contrasts with previous experiments with splinés in gaseocus
environments where the forced flow of the environment fluid through the
specimer retainer housing prevented the turbulent back-diffusion of atmo-
spheric air into thé specimen reiainer housing. For the oil environment
studies, this continuous atmospheric replenishment was confirmed by sam-
pling of the gases within the specimen relainer housing during experiments.
Chromatographic analysis of these samples vielded oxygen contents of about
twenty percent.

A series of experiments was conducted with air-saturated mineral
oil as the environment fluid., Two different antioxidant additives were
investigated during this study in order io defermine the influence of such
additives on the spline wear mitigation cha.cteristics of mineral oil.
Phenyl a naphthylamine and zinc diamyldithiocarbamate were selected as
the antioxidants for this study. Each was used at three {o four different
concentrations, ranging from 2 X 10°% to 4 X 1072 gm mols per liter. The
results of these experiments are shown in Figures 1 and 2.

Vith uniphibited mineral oll, wear commences immaediately and
proceeds at a relatively constant rate of about 8 X 10-5 inch per hour.
Although no period of protection is provided by the mineral oil, this result
represents about 2 fwenty-five-fold reduction in wear rate relative 1o the
unlubricated case.

L




g

s TIR L TS

.TABL;EI 1. SUMMARY OF EXPERIMENTAL RESULTS FOR
TYPE 2 SPECIMENS WITH GREASES E, P, ANDQ

Grease

Environment Fluid

~JP-5
Doy Air Wear

Designation

Description

Wear Rate {in. /hr) X103 Rate {in. /hr) X103

O None
E Original Sample

b Formulation
Similar to
Grease E

Q Formulation
Similar to
Grease E

1.7%, 1,6%, 1.8 0.26%
2.8%, 2,5% 0.28%

3.0%, 2,9% 0.30%

2.5 : -

-*Expesrimental data obtained during previous report periods,
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In the presence of mineral oil containing either of the above additives
at a concentration of 4 X 10-2 gm mols per liter, the wear rates are so low
that they may be considered negligible, corresponding to those during the
period of protection displayed by Grease A. In the case of zinc diamvyl-
dithiocarbamate, an additive concentration of 2 X 10~4 gm mols per liter
did not aiter the performance from that of pure mineral oil. On the other
hand, as illustrated in Figures 1 and 3, a concentration of 2 X 10-3 gm
mols per liter provided a period of protection for about 80-90 hours
followed by a steady accelerated wear rate about equivalent to that observed
with pure mineral oil. When phenyl a naphthylamine was used 2s an addi-
tive, concentrations of 2 X 10-3 and 9 X 10-3 gm mols per liter did nut
significantly alter the performance from that of pure mineral oil. How-
ever, as shown in Figures 2 and 3, concentration of 2 X 10-2 gm mols per
liter provided an induction period of about 120-130 hours prior to the
occurrence of an accelerated wear rate somewhat less than that observed
in the unlubricated case.

w.]
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i1I. DISCUSSION

The results of the experimental study of spline wear in an air-
saturated mineral oil environment, along with previously reported
influences of other spline environmients, appear to provide additional
insight into the mechanism of the wear processes under such conditions.
In the presence of uninhibited mineral oil, wear is observed to proceed
at a low but steady rate throughout the duration of the experiment. When
relatively small quantities of either of two different types of conventional
antioxidants are present in the mineral oil, an extended period of negli-
gible wear is observed,

A, Spline Wear Mechanisms

In Reference 7, wear rates were measured for a ball oscillating
on a flat lubricated with purified mineral oil. Following an extended
period of low wear, the wear rate suddénly increased drasticzlly, approach-
ing that of the unlubricated case. This behavior wzs explained in terms
of lubricant displacement by wear debris at the end of the low-wear period.
In fact, it was observed that the length of the low-wear period was pro-
portional to the quantity of oil present. Examination of the data of Reference 7
reveals a small but steady wear rate during the period prior to displacement
of the oil, and this rate is about twentyfcld less than that whick nccurs
immediately following displacement of the 6il. These relative magnitudes
of the wear rates before and after displacement of the oil are about the
sameé as those observed in the spline wear apparatus operating with and
without an air-saturated mineral oil environmeént. In fact, neither the
data of Reference 7 nor those obtained with the spline wear apparzstus
using pure mineral oil indicate thes occurrence of a period of negligible wear
such as is consistently observed with some greases.

Previously reported results of this program have shown that the
period of negligible wear provided by certain greases may be extended
by the use of spline specimens with roughened tooth surfaces. It appears
reasonable to associate this induction-period enhancement with the im-
proved grease reservoir capacity of surface cavities. For the sake of
discussion, it may be granted that such is the case; however, it now appears
that the beneficial effect of the grease may stem from the presence of addi-
tives such as hydrocarbon a2ntioxidants, rather than from lubricity alone.
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i. Wear Processes

It has been shown that the initial stage of {retting wear in an
inert atmosphere proceeds by way of metal transfer between the contact-
ing surfaces without the production of wear debris{®), It has not been
established whether freiting wear in the presence of oxXygen proceeds by
way of oxidation of stressed metal surfaces followed by the formation of
debris or by way of the formation of metallic debris follnwed by oxidation
of the éebrzsﬁ 4 6,7,12; 14}, 1n either case, the following phenomenologi-
¢al model of the wear processes occurring in splined connéctions may serve
as a tentative basis for inteérpréting éxperimental observations. When
relative oscillatory motion occurs between the teeth of engaged splines
subjected fo angular misalignment, localized wear may occur rapidiy at
cértain locations and upon cerizin teeth until the forsional load is uniformiy
distributed over the surfaces of all engagéd teeth. The occurrence of this

nitial "wear-in" results from the inherent dirnensional folerances in the
spliné manufacturing process. Following this "wear-in® period, the
aSperities on the contacting surfices continue {6 be subjected {0 successive
adhesion and fracture by the oscillatory relative motion. The presence

of meta? oxides or hydroxides, either on ths tooth surfaces or in the form
of weéar debris, alters the natiire of the wear processes.

- The foliowing physical processes summharize the phéaomena
which are manifest during fretting wear as metzal transfer, debris formation,
and boundary lubrication.

Fracture:
My Shear or | a.e 440 (A-1}
tension
Adhesion:
M®T M MM {A-2z}
M 3+ M SOMPISSSION .M {A-25}

Oxide abrasion:

MM + Evi{} T M® £ ’ﬁG {A-3a}
i. e. . fracture

}ii{{}n + 3.ién——i— M® -iG + Zs;i{}ﬁ {A-3b}
i.e.; fracture
Xﬁ»ﬁﬂﬂ}? + MG —— %ﬁi{{}H R{Gp {A-3c)

i.e., no change
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MM + M{OH});,, — M°® + MM{OH};,, {A=4a
i.e., fracture

MMO,, + M{OH};,—= MMO, + M{OH}3z, {A-4b)
i.e., no change
A3 {GH}Z,, + M{OH};,,— MM{OH};, + M{OH);, {A-d¢)

i.¢., no change

where

O SOOI SRR b SR AR O

M signifies normal metial surface with chemically bound
suriace film {possibly oxides or cthér ¢ontarninants}

L1

It is evident that, in the above processes, oxides and hydroxides
may function as boundary lubricants because their shear strength is signifi-
cantly less than that of mstals. Oxides are generally harder than metals,
hence they may coniribute substantially to the formation of active metal
sites and wear debris {i.e., by way of processes A- 3}’:i 4,6,7,12,14), On
the other hand, hydroxides are less abrasive than oxides{4; 14}, and they may
provide boundary h;bz-:catzcnﬁ 7} with the formation of fewer active metal
sites and less wear debris {i.e.. by way of process A-4a only).

Z. Lubricant Oxidation

Once active metal sites are formed, their subsequent history
is strongly dependent upon the environment to which they are exposad.
Therefore, the following discussion of possible lubricant environmental
conditions will precede further discussion of the possible fate of active
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metal sites.
ularly at elevated temperatures, molecular o

12

When a hydrocarbon molecule is exposed to oxygen, partics

oxygen is absorbed and

converted into chamically combined oxygen which may be much more

chemically reactive than molecular oxXygen.

As oxygen is thus absorbed,

hydrocarbons experience oxidative degradation which accelerates as the

oxidation proceeds.

chemica ?eaa,--e 15 iilng=

The following series of free-radical
trates accepted mechanisms for the exzéatzs of hydrocarbonsiS. 8. 10,11, 13},
Peroxy radical chain initiation with

)

molecuiar oxygen

4
]
»
£
[xl
iy
(L
&
b
g
w
'.::!
.M ]
"
(m

ROOH + R'H —= RO- +R'0OH

Chain propagation without hydroperoxide format

wd v

Re +R'H — R! +RH

R+ +R'OH —= HOR: +RH
Re + R'OOH — HOOR*- +RH
RO+ +R'H — R* + ROH
RO- + R'OH —> HOR: + ROH

RO* + R'OOH — HOOR-+ + ROH

th hydroperoxide formati

1Gn Or Cﬁ;;Sbf’}ﬁb,i}-"

{B-5a)
{B-5b

{(B-5¢)
(B-6a)
{B-6b)

{B-6c})
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magnitude of the contribution of

In the presence of water molecules, the

reaction may also occur:

MOy, + {n}H20 — M{OH)3,

4, Role of Lubricant Antioxidants

Hoba
w

{n}HIO0H —=

ree radicals may also pa
a:iieﬁ . itheir concentrations are negiigibie
relative o those of the electron zcaﬁ stable components. Conseguently,
eactions should be negligible.

Isilowin

{C-25}

{C-3}

£l #

rticipate in

= =

hydration

{D-1}

it is generally recognized that hydrocarbon antioxidants may
function according to at least three different mechanisms{Z, 8, 10, 11. 13}
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B. Interpretation of Observed Spline Wear Phenomena

- Z=

The observed infiuence of spline lubricants and
composition may be interprefed as foliows, at Ieast
of the foregoing phenomenclogy.

5, 19485, a

i
summary of observea oxygen and moisture influences was presented.

Tabie 2 {reexamin-

ation of the datz iadicated that, within the known experimental repeatability,

2 ZA specimens
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influences reveal that the presence of dry oxygen is detrimental to the
. wear rates of both lubricated and unlubricated Type 2A specimens, in
agreement with reactions C-1, 2 and processes A-3, For unlubricated -
specimens, the presence of moist oxygen is either beneficial or has no
significant effect. This result suggests that for unlubricated specimens,
extensive formation of hydroxid_s by reaction C-3 may lead to boundary
lubrication by way of processes A-4. In the case of the grease-lubricated
specimens, moisture does not appear to protect the splines from the
detrimental effects of oxygen {processes A-3), However, for the grease-
lubricated specimens in the prerencc of oxygen, moisture does diminish
this detrimental action of oxygen. The latter observations suggest that
the formation of hydroxide boundary lubricant by reaction C-3 is possibly
limited by low solubility of water vapor in the grease lubricant,

%
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In the absence of oxygen and moisture, metal transfer pro-
cesses A-1 and A-2 predominate, resulting in low wear and high friction,
particularly for unlubricated specimens, but also to some extent for
grease-lubricated specimens. Unlubricated specimens in the absence of
oxygen and moisture represent the only observed case of an induction
period in the absence of a grease lubricant. The addition of oxygen alone
is detrimental (by way of processes A-3) for both unlubricated and lubricated
specimens, and the addition of water vapor alone is detrimental in both

cases except that it improves the induction period of grease-lubricated
specimens,

Although this moisture effect in the absence of oxygen
appears spurious, it may be explained as follows. Under the metal transfer
conditions existing for unlubricated specimens in the absence of oxygen,
the true relative slip is increased and adhesion processes {A-2) are in-
hibited by the .characteristics of hydroxides formed by reaction C-3.
Accordingly, the resulting increase in wear rate apparently more than
offsets any benefit of the hydroxide boundary lubricant. In the case of
grease-lubricated specimens in the absence of oxygen, the formation of
hydroxides in the presence of moisture appears to provide limited boundary
lubrication, thereby improving the induction period. However, the processes
occurring between the spline teeth and metallic debris present during
the accelerated wear following the induction period appear to be influenced

by hydroxides in a manner similar to that of the unlubricated case, leading
to a detrimental effect of moisture.

2. Influence of Lubricant Antioxidants

The results of experiments conducted with spline specimens
submerged in mineral oil clearly demonstrate that hydrocarbon antioxi-
dants may influence spline wear phenomena in the presence of mineral oil,
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The two antioxidants were selected to represent free-radical consumers
and peroxide decomposers. These different classes of antioxidants are
illustrated by reactions E-1, 2, 3 and F-1, 2, respectively. Both of these

antioxidants have been employed in conventional greases to protect mineral
oil from oxidative deterioration.

Phenyl a naphthylamine is known to be an effective oxidation
inhibitor(3, 8), serving primarily as a free radical trap which consumes
peroxy radicals without continuing the chain reaction {reactions E-1, 2, 3).
It also functions as a weak peroxide decomposer(3), thereby weakly retard-
ing free-radical chain branching reactions (reactions B-4}. The ability of
this antioxidant to serve as a free-radical consumer has been confirmed
by electron paramagnetic resonance experiments(g) where the half-life of

the antioxidant radical product (A% of reactions E-1, 2, 3} was observed
to be about thirty hours at 25°C.

Zinc diamyldithiocarbamate and related compounds are known
to function primearily by ionically decomposing perioxides{2)}, thereby pre-
venting free-radical chain branching reactions (reactions B-4}). This class

of antioxidants also appears(s) to function weakly as free-radical consumers
{reactions E-1, 2, 3}.

The experimental data presented in Figures 1, 2, and 3
indicate that, on a molar basis, zinc diamvyldithiocarbamate is about ten
times as efiective as phenyl a naphthylamine for protecting splines from
wear. A zinc diamyldithiocarbamate concentration of 2 X 10-3 mol per
liter yielded an induction period almest as long as did a phenyl a naphthyl-
amine concentration of 2 X 10-2 mol per liter. An amine concentration
of 2 X10-3 mol per liter did not alter the wear rate appreciably from that
of the uninhibited oil. It is of interest to note that experimentsl data in
the literature provide a striking analogy of this effect. When these two
classes of antioxidants are used in mineral oil at 340°F, on a molar basis,

about ten times as much amine as dithiocarbamate is required to provide
equivalent oxidation induction periods{8),

The results of this study reveal that hydrocarbon antioxidants
may provide periods of negligibie wear which otherwise would not occur for
splines operating in air-saturated mineral oil. The indicated correlation
between protection from wer.r and protection from oil oxidation strongly
suggests that, in a mineral 51l environment, metal oxidation proceeds by

preferential reaction with hydroperoxides rather than with dissolved molec-
ular oxygen.

Previously reported results for various grease samples have
shown that all of those greases which exhibited significant induction periods

17
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contained antioxidants, and none of those greases which did not exhibit
substantial induction periods contained antioxidants. These results may
have been coincidental since processes other than the lackof oxidation may
contribute to the induction-period phenomena. For example, no study has
yet been made of the mechanism of spline wear in the presence of corrosion
inhibiters, diester lubricants, or various grease-gelling agents,
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IV, FUTURE PLANS

The mechanism study will be continued, and sufficient additional
confirmatory experiments will be conducted to provide an indication of
the most appropriate spline greases for service in air and in JP-5 fusl
environments. Experiments wiil be conducted with mineral oil contain-
ing other additives and with specially formulated grease samples in order
to extend the study of lubricant additives,
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